The insecticidal crystal (Cry) proteins produced by Bacillus thuringiensis undergo several conformational changes from crystal inclusion protoxins to membraneinserted channels in the midgut epithelial cells of the target insect. Here we analyzed the stability of the different forms of Cry1Ab toxin, monomeric toxin, pre-pore complex, and membrane-inserted channel, after urea and thermal denaturation by monitoring intrinsic tryptophan fluorescence of the protein and 1-anilinonaphthalene-8-sulfonic acid binding to partially unfolded proteins. Our results showed that flexibility of the monomeric toxin was dramatically enhanced upon oligomerization and was even further increased by insertion of the pre-pore into the membrane as shown by the lower concentration of chaotropic agents needed to achieve unfolding of the oligomeric species. The flexibility of the toxin structures is further increased by alkaline pH. We found that the monomer-monomer interaction in the pre-pore is highly stable because urea promotes oligomer denaturation without disassembly. Partial unfolding and limited proteolysis studies demonstrated that domains II and III were less stable and unfold first, followed by unfolding of the most stable domain I, and also that domain I is involved in monomer-monomer interaction. The thermal-induced unfolding and analysis of energy transfer from Trp residues to bound 1-anilinonaphthalene-8-sulfonic acid dye showed that in the membrane-inserted pore domains II and III are particularly sensitive to heat denaturation, in contrast to domain I, suggesting that only domain I may be inserted into the membrane. Finally, the insertion into the membrane of the oligomeric pre-pore structure was not affected by pH. However, a looser conformation of the membrane-inserted domain I induced by neutral or alkaline pH correlates with active channel formation. Our studies suggest for the first time that a more flexible conformation of Cry toxin could be necessary for membrane insertion, and this flexible structure is induced by toxin oligomerization. Finally the alkaline pH found in the midgut lumen of lepidopteran insects could increase the flexibility of membrane-inserted domain I necessary for pore formation.
Bacillus thuringiensis bacteria produce insecticidal proteins (Cry) 1 toxic to different insect species and nematodes (1) . The primary action of Cry toxins is to lyse midgut epithelial cells in the target insect by forming lytic pores on the apical membrane (1, 2) . In the case of Cry1A toxins, the crystal inclusions ingested by the susceptible larvae dissolve in the alkaline and reducing environment of the larval midgut, thereby releasing soluble protoxins of 130 kDa. The inactive protoxins are then cleaved by midgut proteases yielding ϳ60-kDa monomeric toxins. The three-dimensional structures of some Cry toxins have been solved showing that they have similar structures comprised of three domains (3) (4) (5) . Domain I is a 7-␣-helix bundle and is considered the pore-forming domain. Domains II and III are composed of ␤-sheets and are involved in receptor binding (1) . The 60-kDa monomeric toxin binds to specific membrane receptors (6) . In the case of the Lepidoptera Manduca sexta, the Cry1A proteins bind to 210-kDa cadherin protein (Bt-R 1 ) (7) and to 120-kDa aminopeptidase-N (8, 9) . The Cry1A-Bt-R 1 interaction induces the cleavage of helix ␣-1 located in domain I of the toxin and the oligomerization into a tetrameric pre-pore complex (10) . The aminopeptidase-N receptor is anchored to the membrane by a glycosylphosphatidylinositol anchor (8, 9) and is selectively included in lipid rafts that are conceived as liquid-ordered microdomains in cell membranes (11, 12) . Lipid rafts are detergent-resistant membranes enriched in glycosphingolipids, cholesterol, and glycosylphosphatidylinositolanchored proteins. These regions are involved in signal transduction, sorting, and trafficking of plasma membrane proteins (13) and also function as pathogen portals for viruses, bacteria, and toxins (14, 15) . Previous work demonstrated that disruption of lipid rafts membrane microdomains abolishes pore formation of Cry1A toxins (11) . We propose a sequential participation of both receptors, Bt-R 1 binding inducing the formation of a pre-pore structure and aminopeptidase-N involved in driving the Cry1A oligomeric structure into detergent-resistant membrane lipid rafts where the pre-pore complex is converted into a membrane-inserted pore that leads finally to ion leakage, cell lysis, and insect death (1, 12) .
We have shown previously (16) that upon oligomerization, Cry1Ab toxin undergoes a conformational change that leads to rearrangement of Trp side chains, primarily located in domain I of the toxin, reducing accessibility of Trp residues to soluble quenchers. Upon membrane penetration, a second change in conformation occurs favoring that Trp residues come in close contact with the membrane and possibly anchoring the prepore to the lipid bilayer, showing that domain I inserts into the membrane (16) . These results suggested that the pre-pore complex is an obligatory intermediate in the insertion of Cry1Ab (16) as is the case for several other pore-forming toxins (17) (18) (19) (20) (21) .
It has been proposed that proteins must partially unfold to facilitate membrane insertion and channel formation. In mammalian pore-forming toxins, unfolding is triggered by acidic pH (22) . These data correlate with the proposition that the membrane surface has an acidic pH that could be up to 2 pH units lower than the bulk pH (23) . Also, acidic pH could be encountered upon cell internalization of the toxins in acidic membrane compartments (22) . Most interestingly, lepidopteran insects have high basic pH (up to pH 11) in the midgut, the site of Cry1A toxin action.
We analyzed, for the first time, the unfolding events of Cry1Ab toxin leading to efficient membrane insertion and pore formation. Structure stability of the monomeric toxin, the prepore complex in solution, and the membrane-inserted pore of the Cry1Ab toxin was determined by equilibrium unfolding induced by chaotropic agents at different pH values monitoring the intrinsic tryptophan fluorescence. Additionally, unfolding of toxin structures by temperature was analyzed by 1-anilinonaphthalene-8-sulfonic acid (ANS) binding to hydrophobic regions, and the energy transfer of Trp residues to ANS bound to the partially unfolded protein. Our results show that the prepore complex and membrane-inserted pore of Cry1Ab have a more flexible conformation than the monomeric toxin and that alkaline pH increases the flexibility of these structures. Also, in the membrane-inserted pore, only domain I was protected from heat denaturation, suggesting that it may be inserted into the membrane in contrast to domains II and III. Finally, the alkaline pH induces a looser conformation of the membrane-inserted domain I that is important for an active channel formation correlating with the high pH conditions inside the midgut lumen of susceptible insects.
EXPERIMENTAL PROCEDURES
Cry1Ab Toxin Purification-Cry1Ab crystals were produced in the acrystalliferous B. thuringiensis strain 407 cry Ϫ transformed with pHT315 plasmid (24) harboring the cry1Ab gene (pHT315-1Ab). The B. thuringiensis strain was grown for 3 days at 29°C in nutrient broth sporulation medium supplemented with 10 g/ml erythromycin. After sporulation, crystals were purified by sucrose gradients as reported (10) and solubilized in 50 mM Na 2 CO 3 , pH 10.5, 0.2% ␤-mercaptoethanol. Protoxin activation was performed as described (10) by incubation for 1 h with scFv73 antibody in a mass ratio 1:4 and digestion with midgut juice (5%) for 1 h at 37°C. Phenylmethanesulfonyl fluoride (1 mM) was added to stop the reaction. Purification of monomeric and oligomeric pre-pore of Cry1Ab was achieved by size-exclusion chromatography in Superdex 200 HR 10/30 (Amersham Biosciences) fast protein liquid chromatography as reported previously (10, 16) .
Preparation of Small Unilamellar Vesicles (SUV)-Egg-derived phosphatidylcholine lipids from chloroform stocks (Avanti Polar Lipids, Alabaster, AL) were dried by argon flow evaporation in glass vials at 2.6 mol total followed by overnight storage under vacuum to remove residual chloroform. The lipids were hydrated in 2.6 ml of 10 mM HEPES, 150 mM KCl, pH 7.2, buffer by vortexing. To prepare SUV, the lipid suspension was subjected to sonication five times for 5 min in a Branson-1200 bath sonicator (Danbury, CT). SUV were used within 4 -5 days upon their preparation.
Insertion of the Pre-pore Oligomeric Structure into SUV-To analyze the interaction of Cry1Ab with the membrane, the purified oligomeric pre-pore structure was incubated with phosphatidylcholine SUV at a lipid/protein ratio of 5000, a condition where more than 90% of pre-pore is inserted into the membrane (16) . The mixture was incubated for 30 min at 25°C, and the membrane fraction was separated by ultracentrifugation (1 h at 100,000 ϫ g), and fluorescence spectra were recorded in both the supernatant and pellet fractions.
Unfolding with Chaotropic Agents-Equilibrium unfolding experiments were performed at different pH in the following buffer systems: for pH 4, 50 mM acetic acid, 50 mM H 3 PO 4 adjusted with NaOH; for pH 7, 50 mM NaH 2 PO 4 adjusted with NaOH; and for pH 11, 50 mM Na 2 HPO 4 adjusted with NaOH. All buffers contain 150 mM NaCl. The denaturant urea or GdmHCl was added from stock solutions (10 M). Buffer, denaturant, and protein (50 nM final concentration) from concentrated stocks were mixed, and samples were incubated 12 h at 35°C. All experiments were performed at least three times.
Tryptophan Fluorescence-Fluorescence measurements were made in an Aminco Bowman Luminescence (Urbana, IL) steady-state fluorescence spectrometer equipped with a thermostat cell holder. The excitation wavelength was 295 nm, and slit widths were 4 nm for excitation and emission. In order to measure the effect of denaturants, the intensity at the maximal emission wavelength ( max ) of Trp fluorescence was calculated for each condition. For monomeric or oligomeric structures of Cry1Ab, the emission max values were 336 and 333 nm, respectively. Normalization of these data was performed by calculating the apparent fluorescence intensity (I app ) according to Equation 1 ,
where I represents the fluorescent intensity at any point. I n is the intensity value of the native protein, and I u indicates the completely unfolded proteins (in 8 M urea or 6 M GdmHCl). Experiments were performed at least three times, and the average fluorescence intensity was calculated.
Limited Proteolysis-Limited proteolysis of the monomeric and the oligomeric structures of Cry1Ab was performed in proteins partially denatured with 4 M GdmHCl, pH 4, or 1-5 M urea, pH 7.0. Proteinase K was added in a 5:1 or 10:1 protease/toxin ratio (w/w), and samples were incubated for 30 min at 25°C. Digestions were stopped by adding 1 mM phenylmethanesulfonyl fluoride, and samples were precipitated by adding trichloroacetic acid to a final concentration of 10% (10 min at Ϫ20°C), washed two times with H 2 O, suspended in 0.03 N NaOH, and analyzed by SDS-PAGE using 8 or 12% gels and transferred to polyvinylidene difluoride (PVDF) Immobilon membranes (Amersham Biosciences) for Western blot detection. The blots were blocked with 5% powdered milk in PBS (50 mM potassium phosphate buffer, pH 7.4, 0.1 M NaCl) and 0.05% Tween 20 and incubated with anti-Cry1Ab polyclonal antibody (1:3,000) or monoclonal antibody 4D6 (1:1,000). mAb-4D6 recognized epitope 164 -222 in domain I (25) . Finally, the blots were incubated with goat anti-rabbit or rabbit anti-mouse horseradish peroxidase (1:5,000) secondary antibodies, respectively (Sigma), and developed by enhanced chemiluminescence (ECL, Amersham Biosciences). Additionally, Western blots were analyzed with scFv45 antibody that recognized domain II-III as described (26) , and scFv45 was detected with anti-c-Myc antibody (Sigma) (1:1000), followed by incubation with a secondary goat anti-mouse antibody conjugated with peroxidase (Sigma) (1:1000) and developed by enhanced chemiluminescence as above.
ANS Binding and Energy Transfer from Trp
Residues to ANS Bound to the Protein-Binding of ANS (M r 299.34) was measured as described previously (10) . The excitation and emission wavelengths of ANS are 380 and 480 nm respectively, and the spectral bandwidths were 5 nm. The final ANS concentration was 50 M, and the final protein concentration was 15 nM for the oligomeric Cry1Ab structure or 50 nM for the monomeric Cry1Ab. For membrane-inserted protein, a lipid/protein ratio of 5000 (75 M phosphatidylcholine SUV final concentration) was used. Energy transfer by FRET analysis between Trp and ANS was analyzed by using an excitation wavelength ( ex ) of 295 nm instead of 380 nm. Under these conditions tryptophan residues are excited, and energy transfer to ANS fluorophore occurs if both (Trp and ANS) are in close proximity.
Disruption of Tetrameric Structure-Different procedures were used to disrupt the Cry1Ab tetrameric structure. The pre-pore complex was treated with 8 M GdmHCl, pH 7.0 (12 h at room temperature). The samples were precipitated by adding trichloroacetic acid to a final concentration of 10% (10 min at Ϫ20°C) and were washed two times with H 2 O, suspended in 0.03 N NaOH. Pre-pore complex was also treated with 20% trichloroacetic acid (final concentration) (12 h at Ϫ20°C), washed two times with H 2 O, and suspended in 0.03 N NaOH. Alternatively, samples were treated with 70% formic acid for 30 min at room temperature as described for aerolysin (27) . The sample was then frozen and evaporated using a Speed-Vac, resuspended in water, frozen, and evaporated again. These samples were loaded in SDS-PAGE, and proteins were transferred onto PVDF Immobilon membranes (Amersham Biosciences) for Western blot analysis as above.
Pore Formation Activity in SUV-Membrane potential was monitored with the positively charged fluorescent dye, 3,3Ј-dipropylthiodi-carbocyanine (Molecular Probes), as described previously (28) . Fluorescence was recorded at 620/670 nm excitation/emission wavelengths in an Aminco SLM spectrofluorometer. One M final concentration of 3,3Ј-dipropylthiodicarbocyanine was added to the following assay buffer systems (F i ): for pH 7: 150 mM CsCl, 1 mM CaCl 2 , 10 mM HEPES-HCl, pH 7; for pH 4: 150 mM CsCl, 1 mM CaCl 2 , 10 mM MES, pH 4; and for pH 11: 150 mM CsCl, 1 mM CaCl 2 , 10 mM CAPS, pH 11. Hyperpolarization causes dye internalization into the SUV and a decrease in fluorescence, whereas depolarization causes the opposite effect. SUV (15 M) previously loaded with 150 mM KCl were suspended in 900 l of the corresponding assay buffer. After equilibration of the dye (F o ), 3 nM Cry1Ab oligomeric pre-pore toxin was added. Changes in membrane potential were monitored by successive additions of KCl (4, 10, 23, 49, 100, and 198 mM, final concentration) to the SUV suspension (F n ). In Fig. 5 , numbers 1-6 above the traces correspond to each one of the KCl additions. The same amount of toxin buffer was added for control traces. Analyses of the slope (m) of changes in fluorescence (⌬F) (%) versus K ϩ equilibrium potential (E K ) (mV) are reported in this work. ⌬F was calculated as ((F n Ϫ F o )/F i ) ϫ 100. E K was calculated with the Nernst equation. Membrane potential determinations were done four times.
Protein Concentration-Protein concentration was determined by the Bradford assay using bovine serum albumin as standard and by absorbance at 280 nm using the extinction coefficient E m 280 ϭ 5700 M Ϫ1 / cm Ϫ1 for Cry1Ab toxin.
RESULTS

Urea and GdmHCl Unfolding of Monomeric Cry1Ab
ToxinUnfolding of monomeric Cry1Ab toxin was studied previously (29, 30) , demonstrating that Cry1Ab has a biphasic unfolding when treated with GdmHCl, suggesting a sequential unfolding of two different regions of the toxin. At pH 4.0, the first unfolding step corresponded to the carboxyl-terminal region (domains II and III) (29, 30) . Also, it was shown that monomeric Cry1Ab toxin became less stable at alkaline pH compared with acidic pH, showing higher denaturation at lower GdmHCl concentrations (29, 30) . We analyzed the stability of pure monomeric Cry1Ab toxin by measuring its unfolding in urea and GdmHCl. After 12 h of incubation in 7 M urea at 35°C, unfolding was reversible because 100% of the initial M. sexta mortality produced by the toxin could be recovered upon subsequent dilution in urea free buffer. In contrast, 12 h of unfolding in 6 M GdmHCl at 35°C was irreversible without recovery of toxicity after removal of GdmHCl (data not shown).
The extent of unfolding of the monomeric Cry1Ab toxin was followed by measuring the intrinsic fluorescence of the tryptophan residues. Cry1Ab toxin contains nine Trp residues, seven of them located in domain I and two in domain II. The fluorescence characteristics of the indole side chains could be altered with respect to the emission intensity and to the maximum emission wavelength ( max ) reflecting changes in the microenvironment of the Trp. Most proteins show a decrease in Trp fluorescence intensity upon unfolding, and this drop in the quantum yield may be correlated to water exposure of Trp. A decrease in Trp fluorescence was observed after the treatment of Cry1Ab monomeric toxin with both chaotropic agents. Fig. 1 shows the decrease in the intensity of the emission spectra of Trp residues of denatured Cry1Ab toxin with 8 M urea, pH 7.0, and concomitantly the maximal emission wavelength was shifted from 336 to 345 nm for 0 -8 M urea, respectively. The total fractional change in the maximal fluorescence intensity at 336 nm was analyzed as function of the chaotropic agent concentration. The denaturation of monomeric Cry1Ab toxin with GdmHCl at pH 4 resulted in a biphasic unfolding curve (data not shown), as reported previously (29) . We then analyzed the denaturation of Cry1Ab monomeric toxin by urea at different pH values (Fig. 2A) . The unfolding curves were also biphasic, and the unfolding midpoint depended on the pH. The most stable monomeric structure was observed at pH 4 because higher urea concentrations were needed to observe the unfolding transitions of the protein. The first midpoint transition at pH 4 was observed at 5.5 M urea, and at 6 M urea a stable intermediate appeared, which was then further denatured at 7.5 M urea ( Fig. 2A) . In contrast, the unfolding of the protein at pH 7 showed the first midpoint transition at 2.5 M urea. The stable intermediate is observed at 4 M urea, and the second transition starts at 7 M urea. Finally, the less stable monomeric structure was observed after incubation at pH 11 where the first midpoint transition started at 1.2 M urea and the second transition at 2.5 M urea.
The first transition observed with the monomeric Cry1Ab toxin corresponds to the denaturation of a toxin domain highly sensitive to pH, because incubation at pH 7 and 11 induced unfolding at lower urea concentrations than at pH 4. In contrast, the second transition involves unfolding of a more stable domain that is only affected after incubation at high alkaline pH 11. (30) demonstrated that at pH 4 the first transition of the biphasic unfolding curve of monomeric Cry1Ab toxin obtained with 4 M GdmHCl corresponded to the unfolding of domains II and III. In order to find out if the biphasic unfolding curves of Cry1Ab toxin produced by urea also involve a first denaturation step of domains II and III followed by unfolding of domain I, we analyzed the proteolysis products with proteinase K of partially unfolded protein at pH 7 with 5 M urea, after the first unfolding transition. Fig. 3A shows that Cry1Ab is cleaved into different small fragments that correspond to domain I, because all of the proteolytic fragments produced by proteinase K treatment were detected by the anti-Cry1Ab polyclonal antibody and by a monoclonal antibody (mAb-4D6) that recognized an epitope in domain I corresponding to helices ␣-5 and ␣-6 (25). None of the proteolytic fragments were recognized by the scFv45 antibody, which recognizes an epitope in domains II-III (26) . These data suggested that domains II and III of the protein were unfolded and removed by the protease treatment.
Proteolysis of Cry1Ab Monomeric Structure Under Partial Denaturant Conditions-Convents et al.
Urea Unfolding of the Oligomeric Cry1Ab Pre-pore and the Membrane-inserted Pore Structures-We next studied the stability of pure pre-pore oligomeric Cry1Ab and the membraneinserted pore complex (Fig. 2, B and C) . Both oligomeric structures were shown to be less stable than the monomeric structure because unfolding curves showed transitions at lower urea concentrations than those of the monomeric toxin. Again, the unfolding curves were biphasic, suggesting that the domains of the oligomeric structures also unfold sequentially. The increase in pH resulted in more flexible conformation, similar to the observed effect of pH in the monomeric structure. At pH 4, the pre-pore complex showed a first midpoint transition at 2 M urea. Then a stable intermediate appears at 3 M urea, and was further denatured at 4.5 M urea (Fig. 2B) . In contrast, at pH 7 and 11 the first transition for the pre-pore was observed at 1 M urea and the stable intermediate at 2 M urea. The second transition starts at 4.5 M urea for pH 7 and 3 M for pH 11.
The insertion of the pre-pore oligomer into the membrane caused a drastic effect on the denaturation curves (Fig. 2C) , showing that conformation of at least one region of the oligomeric structure in the membrane-bound state is more flexible than in solution. The first transition for all tested pH values started at 0.25 M, and the stable intermediate appeared at 1.5 M. The second transition was highly sensitive to changes in pH. High concentrations of urea (7 M) were needed to observe this transition at pH 4, whereas at pH 7 this transition is produced at 3.5 M urea. In contrast, at pH 11 a single transition was observed.
Proteolysis of Oligomeric Cry1Ab Pre-pore Structure-To determine the effect of urea on the integrity of the soluble prepore, we first analyzed if urea denaturation affected the oligomeric state of the pre-pore in solution. Quite remarkably, no change in the 250-kDa oligomeric size could be observed after 
FIG. 3.
Limited proteolysis of the Cry1Ab monomeric and oligomeric structures. Pure monomeric Cry1Ab toxin (A) or pure oligomeric pre-pore complex (B) was partially denatured by incubation for 12 h at 35°C with 5 M urea, pH 7.0, for monomeric toxin, or 2 M urea, pH 7.0, for pre-pore complex in order to equilibrate these structures after the first unfolding transition. After partial unfolding, these samples were treated for 30 min at 25°C with proteinase K in a 5:1 protease/toxin ratio for the monomeric toxin or 10:1 ratio for the oligomeric structure. Digestion was stopped with 1 mM phenylmethanesulfonyl fluoride. Samples were precipitated with 10% trichloroacetic acid as described under "Experimental Procedures" and analyzed by 12% SDS-PAGE for monomeric toxin or 8% SDS-PAGE for pre-pore complex. SDS-polyacrylamide gels were transferred to PVDF membranes for Western blot detection by using anti-Cry1Ab polyclonal antibody (polyCrylAb) or monoclonal antibody 4D6 that recognizes an epitope in domain (dom) I, or with scFv45 antibody that recognized an epitope in domain II-III. Lanes 1 are samples before protease treatment, and lanes 2 are samples after protease digestion. M, molecular mass markers. C shows the effect of urea on the integrity of the soluble pre-pore complex. Lane 1, pure pre-pore complex; lane 2, pre-pore complex precipitated by trichloroacetic acid treatment; and lane 3, pre-pore complex incubated for 12 h at 35°C with 7 M urea, pH 7.0, and then precipitated by trichloroacetic acid treatment. Samples were loaded in 8% SDS-PAGE transferred to PVDF membrane and detected by Western blot with anti-Cry1Ab polyclonal antibody.
12 h of incubation of the pre-pore complex with different urea concentrations. Fig. 3C shows that after precipitation of the pre-pore structure with 10% trichloroacetic acid, part of the oligomer is disassembled into monomers of 55 kDa (Fig. 3C,  lane 2) . However, most of the protein remains in its oligomeric state. The treatment with 7 M urea did not destroy the oligomeric structure or increase the proportion of monomeric structure obtained by trichloroacetic acid precipitation (Fig. 3C, lane  3) . In contrast to the reported disassembling of the heptameric structure of aerolysin (27) , the treatment with formic acid did not disassemble the oligomeric Cry1Ab structure (data not shown). The complete disassembly of subunits present in the pre-pore required high concentrations of a more potent chaotropic agent, as 8 M GdmHCl. These results show that partial denaturation of the oligomeric structure did not promote subunit disassembly.
In order to analyze the unfolding transitions of the pre-pore structure and to identify the regions of the protein that are involved in monomer-monomer interactions maintaining the tetrameric structure of the oligomer, we partially unfolded the pre-pore oligomer by treatment with 2 M urea at pH 7 and proteolyzed with proteinase K. Fig. 3B shows that the pre-pore structure was quite resistant to proteolysis with proteinase K because only a slightly increase in a 100-kDa band that represents a truncated pre-pore complex and a polypeptide with an apparent molecular mass of 25 kDa was observed after protease treatment (Fig. 3B, lane 2) . Therefore, the oligomeric structure is more resistant to proteolytic treatment than the monomer as has been shown for ␣-toxin (31). This result suggests that part of the truncated complex and the native pre-pore complex was dissociated by trichloroacetic acid precipitation. The monomeric 55-kDa toxin band presumably resulted from non-degraded full-length pre-pore structure, whereas the 25-kDa band is in close agreement with the apparent molecular mass of the monomeric subunit of the truncated pre-pore complex of 100 kDa. Western blot analysis demonstrated that the 25-kDa polypeptide corresponded to domain I of the toxin and not to domains II-III (Fig. 3B) . The complete domain I would have a migration as a protein of 25 kDa similar to the protein band detected with mAb-4D6 after proteolysis. The 25-kDa band was not recognized by the scFv45 antibody that recognized an epitope located in domains II-III (25) . The fact that the polypeptide obtained after proteinase K treatment corresponded to domain I suggests that domains II and III of the pre-pore were partially denatured and digested, and domain I is also involved in monomer-monomer interactions in the pre-pore oligomer.
It was surprising to observe that both monoclonal antibodies were unable to detect the oligomeric structure of Cry1Ab even before protease treatment, suggesting that the epitopes recognized by them must be buried into the pre-pore structure or that conformation of these epitopes substantially changes in the oligomer.
Effects of pH and Temperature on the Structure of the Cry1Ab Monomeric and Oligomeric Structures-The effect of pH on the structure of Cry1Ab toxin was further analyzed by measuring the maximal emission wavelength ( max ) of Trp, an indicator of solvent exposure, at different pH values. For monomeric or oligomeric structures of Cry1Ab toxin, the max was 336 and 333 nm, respectively, indicating that some Trp residues in the oligomeric structure are buried differently in the hydrophobic environment of the protein. Changes in pH, from 4 to 11, do not induce significant changes in max , suggesting that the environment of Trp residues does not change drastically upon different pH exposure. Convents et al. (29) reported circular dichroism analysis of Cry1Ab monomeric toxin at pH 8 and pH 11,and both CD patterns were close to identical, indicating a conserved secondary structure of the monomeric structure at these pH values. Grochulski et al. (4) also reported that the crystal structure of Cry1Aa toxin at pH 10 and at pH 7.0 presented only small changes involving few side chains, without lost of most of the hydrogen bonds and salt bridges.
We then investigated the effect of temperature on denaturation of the monomeric and oligomeric structures of Cry1Ab toxin by measuring the binding of the hydrophobic dye ANS, which binds hydrophobic regions exposed in partially unfolded proteins. Fig. 4A shows a drastic increase of ANS binding at 60°C for the monomeric structure of the toxin. The oligomeric pre-pore structure was more heat-sensitive than the monomeric structure, because the maximal ANS binding was observed at 50°C (Fig. 4B) . Upon a further increase in temperature, the ANS binding decreased, suggesting a more pronounced unfolding of the toxin or aggregate. Indeed, it is known that ANS binds very little to fully unfolded or aggregated proteins (31) . Finally, the membrane-inserted pore structure becomes more susceptible to heat denaturation, because maximal ANS binding was observed at 40°C (Fig. 4C) . The interaction of ANS with proteins inserted into membranes has been extensively studied, and it has been reported that ANS has a higher affinity to proteins than to lipids (32) . Consequently, the fluorescence lifetime of ANS bound to phosphatidylcholine is at least one-half of the lifetime observed after binding to proteins (5-7 ns bound to lipid and 14 -18 ns bound to proteins). The quantum yield of ANS bound to proteins is 3-fold higher than bound to lipids (0.6 -0.9 bound to proteins and 0.2-0.4 bound to lipids). Because of these differences in binding affinity, it has been proposed that on biological membranes the ANS probe will bind first to the proteins and only subsequently to the lipids (32) . Fig. 4C , inset, shows emission spectra of ANS after binding to phosphatidylcholine SUV alone and after binding to the Cry1Ab pore structure inserted into this membrane at 40°C. Subtraction of the ANS spectra obtained in the presence of SUV membranes (Fig. 4C ) resulted in similar fluorescence intensities of the oligomeric structure in the absence of membrane (Fig. 4B) , suggesting that ANS binding to membrane is not interfering with the ANS-protein interaction.
It is important to note that seven of the nine Trp residues of Cry1Ab toxin are localized in domain I. In order to determine whether the Trp-rich region, corresponding to domain I, was denatured during the heat treatment, we determined the energy transfer from Trp residues to ANS bound to the unfolded protein. In these experiments the ANS can be excited only if the Trp residues are located in close proximity to the hydrophobic regions where ANS binds after heat denaturation. For reference, the calculated Trp-ANS Förster's distance for other proteins is around 29 Å (33, 34) . The Förster distance is the characteristic distance of a donor-acceptor pair where the efficiency of transfer is 50%. The results of FRET analysis during heat denaturation of the monomeric Cry1Ab toxin were very similar to the results obtained by direct excitation of ANS ( ex 380 nm) (Fig. 4A) , suggesting that ANS was bound in close proximity to the Trp-rich region. In contrast, when the soluble pre-pore structure was heat-denatured, the energy transfer was significantly reduced (Fig. 4B) , suggesting that domain I in the pre-pore is more structured than the rest of the protein and thus less susceptible to heat denaturation. Finally, the membrane-inserted pore complex showed a drastic reduction in energy transfer between Trp residues to ANS-bound molecules (Fig. 4C) , indicating that the Trp-rich region is not denatured by heat treatment in the membrane-inserted oligomer and only domains II and III, which contain less number of Trp residues, are highly flexible and sensitive to denaturation by temperature.
Effect of pH on the Pore Formation Activity of the Membraneinserted Oligomeric Structure-Analysis of membrane insertion of the pre-pore at different pH values showed that the pH had no significant effect on pre-pore insertion into synthetic membranes using a lipid/protein ratio of 5000 (data not shown). However, urea denaturation of the membrane-inserted oligomer at different pH values showed that domain I of the toxin has a tighter structure at pH 4 than at neutral or alkaline pH values (Fig. 1C) . In order to determine the effect of pH in pore formation of the Cry1Ab oligomeric membrane-bound structure, we determined the potassium permeability induced by 3 nM Cry1Ab oligomeric structure in SUV at different pH values (Fig. 5 ). For these experiments the SUV were loaded with KCl (150 mM) and suspended in CsCl (150 mM) buffer. After the first hyperpolarization produced by the toxin, successive additions of KCl to the SUV were done as described under "Experimental Procedures." After each KCl addition, a new membrane potential was established, and a depolarization was produced that is visualized by an increase in the fluorescence. The plots of changes in fluorescence (⌬F) versus K ϩ equilibrium potential (E K ϩ) are presented in Fig. 5 . The value of the slope (m) of each trace could be correlated with K ϩ permeability. The oligomeric structure of Cry1Ab toxin did not induce K ϩ permeability at pH 4 (m tox ϭ Ϫ0.01 Ϯ 0.003), in contrast to pH 7 and 11 conditions where it formed efficient pores. Fig. 5 shows that at pH 11 the K ϩ permeability induced by the oligomeric structure was slightly higher (m tox ϭ 0.079 Ϯ 0.004) than at pH 7.0 (m tox ϭ 0.066 Ϯ 0.003). The quantum yield of the dye 3,3Ј-dipropylthiodicarbocyanine is sensitive to the changes in pH; the maximum intensity was obtained at pH 7, and the least intensity was obtained at pH 4. We thus included a control of K ϩ -specific ionophore valinomycin that does not respond to pH and calculated the ratio of permeability of the Cry1Ab toxin versus the permeability of valinomycin (m tox /m val ). These corrections gave 0.066/0.109 ϭ 0.60 for K ϩ permeability at pH 7 and 0.079/ 0.071 ϭ 1.11 at pH 11.
DISCUSSION
Denaturation of the Cry1Ab toxin in the presence of chaotropic agents showed a two-step process for the monomeric and oligomeric toxin structures. However, it is clear that the monomer, the pre-pore complex, and membrane-inserted channel have different conformations because they displayed different unfolding patterns. The biphasic nature of denaturation curves indicated the unfolding process occurred in two regions sequentially. Analysis of proteolytic products of the partially denatured toxins revealed that the digestion products correspond only to domain I, suggesting that domains II and III became susceptible to proteolytic degradation upon partial denaturation. Thus, the first unfolding step corresponds to unfolding of the domains II and III region of the toxin. These data indicate that domains II-III is the region with the highest flexibility in Cry toxins because lower concentrations of urea are needed to unfold it. The higher flexibility of domains II-III of the prepore oligomer structure could be relevant for an efficient membrane insertion because cross-linking experiments done in Cry1Ac, which was genetically engineered to create disulfide bridges between helix ␣-7 of domain I and domain II, showed that domain I swings away from the rest of the toxin exposing the ␣-7 helix for the initial interaction with the membrane resulting in the insertion into the membrane (35) .
Analysis of Cry1Ab toxin unfolding in response to chaotropic agents and temperature showed that monomeric Cry1Ab toxin has a more stable conformation than the pre-pore and pore complexes. The flexibility of the monomeric toxin was dramatically enhanced upon oligomerization and was even further increased by insertion of the pre-pore into the membrane as shown by the lower concentration of chaotropic agents or the lower temperature needed to achieve unfolding of the oligomeric species (Figs. 1 and 4) . Other pore-forming toxins also showed higher flexible conformations when the pre-pore is inserted into the membrane (31) . Although the oligomeric prepore structure of Cry1Ab toxin showed a more flexible conformation than the monomer, the monomer-monomer interactions in the pre-pore were quite stable, because boiling or incubation with urea failed to disassemble the subunits (Fig. 3C) , indicating that they are tightly bound. Similarly, the heptameric pre-pore structure of the pore-forming toxin aerolysin is resistant to treatment with urea or temperature (27) . Other examples of oligomeric proteins that are denatured by urea without dissociation of the monomeric structures are the human chaperonin 10 (36) and the lactose repressor (37). Our results suggest that domains II and III could be excised from the pre-pore complex without provoking complete disassembly of the complex. This indicates that these domains are not involved in maintaining the tetramer assembled and that domain I is involved in monomer-monomer interactions in the oligomer. In other pore-forming toxins, acidic pH values induce a flexible conformation, related to a molten globule-like state, that represents a structure with increased flexibility of tertiary structure and a compact hydrophobic core. The molten globule state has been recognized as a membrane insertion intermediate (22, 38, 39) . In contrast, the Cry1Ab toxin structure (monomeric or oligomeric forms) increased flexibility at alkaline pH. These data correlate with the highly basic pH (pH 9 -11) found in the midgut lumen of susceptible lepidopteran larvae, suggesting that a molten globule-like state of Cry1 toxins could be induced under the alkaline pH. Most interestingly, in the case of the Cry3A toxin that is active against Coleopteran insects, the unfolding of this toxin is observed at acidic pH that correlates with the acidic pH found in midgut of susceptible Coleopteran insects (40) .
Previously we showed that Trp residues in the Cry1Ab membrane-inserted pore are in close contact with lipids at the water-lipid interface, because fluorescence of Trp residues was quenched by membrane-bound quenchers (16) . Here we show that domain I in the Cry1Ab pre-pore is more resistant to urea and heat denaturation than domains II and III and that the presence of lipids prevents domain I of the membrane-inserted pore complex from heat unfolding (Fig. 4) . These data could suggest that domain I is lipid-protected by its insertion into the membrane. This hypothesis agrees with the "umbrella model" of toxin insertion that proposes that loop of helices ␣-4 -5 of domain I inserts into the membrane leaving the rest of the ␣-helices in the interface of the membrane (35, 41) . A different model of toxin insertion, based on calorimetric determinations, proposed that the structure of the membrane-inserted pore of Cry3A toxin does not change dramatically compared with the structure of the soluble monomer (42) . In this model, Loseva et al. (42) proposed that the region of helices ␣-1 to ␣-3 are cleaved out, and the pore lumen would be provided by residues of domains II and III, whereas the hydrophobic surfaces of domain I (without helices ␣-1 to ␣-3) faces the lipid bilayer in an oligomeric structure. It is important to mention that in these studies the authors worked with pure monomeric toxin in the absence of receptor. In our studies we found that in the oligomeric structure of Cry1Ab toxin only helix ␣-1 is cleaved out (10) . Also, our data show that domains II-III of the inserted oligomer are very sensitive to heat or urea denaturation in contrast to domain I, indicating that lipids do not protect these domains from denaturing agents. These data strongly suggest that domains II-III are not inserted into the membrane in contrast to domain I. The analysis of pore formation activity of the membraneinserted structure showed that active pores are formed only at neutral and alkaline pH. These differential pore formation activities are not due to differences on membrane insertion but rather to differences in domain I pore structure because at pH 4 a very tight conformation of domain I correlated with no pore formation, in contrast to looser conformations of domain I at neutral or alkaline pH values (see second denaturation transition of Fig. 1C ) that correlated with pore formation activity. Besides the effect of pH on the conformation of membranebound domain I, we cannot exclude that, in vivo, other factors such as interaction with specific receptors or lipids could play an important role in the conformation of the membrane-bound toxin and therefore on pore formation.
The data presented here suggest that the process of membrane insertion could require different steps. The first step is the oligomerization of the monomeric toxin to a pre-pore resulting in a more flexible structure principally in domains II and III, and then a further unfolding of the pre-pore induced by alkaline pH could release the structure causing a partial unfolding of domain I that would then form an active pore in the membrane. The elucidation of the three-dimensional structure of the pre-pore complex and the determination of the structural changes involved in membrane insertion are likely to contribute to the understanding of the mode of action of the insecticidal Cry toxins and of the final structure of the membraneinserted channel.
